Samples of dead biomass from the marine brown algae Fucus ceranoides, F. vesiculosus and F.serratus were studied for their ability to remove cadmium from aqueous solutions. The metal sorption process is rapid, with 90% of the metal uptake completed within the first 25 min. of contact. The kinetic data was described successfully by a pseudo second order chemical sorption process with rate constants of ca. 0.6 g·mmol -1 ·min -1 . At pH 4.5, the raw biomass of the three species exhibited equilibrium uptake capacities for Cd as high as 0.8 mmol·g -1 (90 mg·g -1 ), on a dry weight basis, without chemical pretreatment. These sorption capacities are much higher than those reported for activated carbon and chitin. The sorption of Cd was found to increase as pH increases, reaching a plateau at pH 5.
. Other negatively charged functional groups, such as the sulphonate groups of fucoidan, also contribute to heavy metal complexation although it is difficult to evaluate the absolute role that these polymers play in determining the heavy metal uptake.
The present work reports a study of the cadmium adsorption by non-living biomass of several types of Fucus sp. originated from the Galician coast (NW, Spain), where they are very abundant often posing environmental nuisance. The biosorption process has been analyzed through batch experiments at 25 º C with regard to the influence of initial metal concentration and pH on both the raw and protonated biomass.
Also the acid-base properties of these algae have been studied as they are related to their capacity of binding to metals. Finally, a complexation model for cadmium sorption on Fucus sp. has been developed in order to explain the adsorption behaviour.
Experimental
Samples of marine algae Fucus serratus, Fucus vesiculosus and Fucus ceranoides were collected from A Coruña coast (Galicia, Spain). They were washed twice with running water and once with deionized water. After drying at 60 ºC for 24 hours, they were crushed and ground in an analytical mill (IKA A 10) to granules of 0.5-1 mm. This material will be referred to as raw biomass.
The chemicals used in this work were HNO 3 (Merck suprapur and Merck pro analysis), NaNO 3 (Merck pro analysis), Cd(NO 3 ) 2 ·4H 2 O (Merck pro analysis), NaOH (Merck pro analysis), HCl (Merck pro analysis), N 2 from Carburos Metalicos and cellulose nitrate membrane filters (Whatman and Albet). Samples of the algal raw biomass were acid-treated with diluted HCl following the procedure described elsewhere (Rey-Castro et al., 2003) , in order to transform the biomass into its fully protonated form (acid-treated biomass).
Kinetics of cadmium biosorption
Kinetic experiments were performed by adding 0.25 g of algae to 100 mL of cadmium solution (2.22 mmol·L -1 ) at constant temperature (25.0 ± 0.1 ºC). The ionic strength was adjusted to 0.05 M with NaNO 3 . The cadmium concentration in the aqueous phase as a function of contact time was monitorized by means of a cadmium ion selective electrode (Cd-ISE) previously calibrated in cadmium concentration at 0.05M ionic strength.
The cadmium uptake at each moment is calculated from the equation: 
where V is the volume of cadmium solution, c Cd,i is the initial cadmium concentration, c Cd,t is the concentration of cadmium in solution at a given time, and m s is the mass of sorbent on a dry weight basis.
Sorption of cadmium at equilibrium
For Cd sorption equilibrium studies, eight cadmium solutions with concentrations ranging from 0.089 to 3.11 mmol·L -1 were prepared by dissolving Cd(NO 3 ) 2 ·4H 2 O in deionized water or NaNO 3 aqueous solutions of 0.05 M overall ionic strength. The experiments were performed in 100 mL conical flasks containing 0.1 g of algae (raw or acid-treated biomass) and 40 mL of cadmium solution. The mixtures were agitated on a rotary shaker at 175 rpm for 3 hours. NaOH and HNO 3 were used for pH adjustment. The algae biomass was filtered through a 0.45 µm pore size cellulose nitrate membrane filter and the concentration of cadmium in the filtrates was determined by differential pulse anodic stripping voltammetry (DPASV) by use of 757 VA Computrace (Metrohm) with a conventional system of three electrodes: hanging mercury drop electrode as working electrode, Pt auxiliary electrode and Ag/AgCl (3 M KCl) reference electrode. Adsorption isotherms were achieved at pH 4.5 ± 0.1 for all algae (raw biomass) and at pH values of 6, 4.5 and 3 (± 0.1) for acid-treated samples of F. serratus. The effect of pH on cadmium uptake has also been studied.
The amount of cadmium sorbed at equilibrium, Q Cd , which represents the metal uptake, was calculated from the difference in metal concentration in the aqueous phase before and after adsorption, according to the following equation:
where now c Cd is the equilibrium concentration of cadmium in solution. This equation is formally identical to Eq. (1), but referred to the equilibrium concentration. Note the capital letter used to distinguish between the equilibrium sorption, Q Cd , and the timedependent uptake, q Cd,t .
Potentiometric titrations of biomass
The proton binding equilibria were studied through potentiometric titration of the acid-treated biomass using glass electrodes (GK2401C Radiometer). For this purpose, ca. 0.5 g of protonated algal biomass were placed in a thermostated cell at 25.0±0.1 ºC, under nitrogen stream, and 100 mL of 0.05 M NaNO 3 solution were added to keep ionic strength constant. The suspension was titrated with a 0.05 M NaOH standard solution delivered from a Crison microBu 2031 automatic burette. The procedure followed for the titrations and glass electrode calibrations was described in greater detail elsewhere (Rey-Castro et al., 2003) .
The amount of proton bound is calculated from the acid and base additions by means of charge balance considerations:
where V i , C i are the volume and concentration of the acid and base added (subscripts a and b refer to acid and base, respectively), V T is the total volume in the titration vessel, K W is the ionic product of water, and Q max,H is the total amount of titratable groups, calculated from the equivalence point of the titrations.
In addition, 0.25g of F. serratus were suspended in 100 mL of an aqueous solution of 2. ]) in blank solutions of the background electrolyte (0.05 M NaNO 3 ). Figure 1 shows the kinetics of cadmium adsorption onto the different algae. The plots represent the amount of metal adsorbed, q t , versus time for an initial cadmium concentration of 2.22 mmol·L -1 . The cadmium uptake is relatively fast for all the algae studied. In general, the system reaches over 50 % of the total biomass cadmium uptake within 5 minutes of contact and it is observed that over 90 % of total adsorption is removed from solution in the first 25 minutes of stirring for all the algae.
Results and discussion

Kinetics of adsorption
According to these results, it was set a contact time of 3 hours for the subsequent experiments, in order to ensure that equilibrium conditions are attained. This equilibrium time is shorter than those usually employed for the adsorption of cadmium by other adsorbent materials. Times of 24 hours are proposed for the adsorption by chitin (Benguella and Benaissa, 2002) , chitosan beads (Becker et al., 2000) , Bakers´s yeast (Vasudevan et al., 2003) or Pinus pinaster bark (Vázquez et al., 2002) . Even longer times are necessary with some carbonaceous materials (72 hours) (Hanzlík et al., 2004) or activated carbon (3-5 days) (Leyva-Ramos et al., 1997) . Similar equilibrium times are obtained for other algae. For instance, Aksu reported 4 hours with the microalgae Chlorella vulgaris (Aksu, 2001 ) whereas equilibration times of 2 or 3 hours were employed with macroalgae of the Sargassum genus (Cruz et al., 2004; Lodeiro et al., 2004) .
The fast cadmium uptake observed for the different algae represents a clear advantage for practical uses, as it will facilitate shorter adsorption columns ensuring, in principle, efficiency and economy.
In order to investigate the mechanism of biosorption and potential rate controlling step such as mass transport and chemical reaction processes, kinetic models have been used to test experimental data. When the biomass is employed as a free suspension in a well-agitated batch system, the effect of external film diffusion on biosorption rate can be assumed not significant and ignored in any kinetic analysis.
The kinetic models tested included pseudo-first order, pseudo-second order and Elovich equation. Elovich and first order models only achieved a good fitting for the first minutes of experimental data. The best fits, in the whole data range, were found with a pseudo-second order equation, indicating that the rate-limiting step is a chemical sorption process between cadmium and alga. Similar conclusions were found by Ho and McKay as a result of a detailed analysis of data from the literature. They reported that most of the sorption systems follow a pseudo-second order kinetic model (Ho and McKay, 1999) . However, the fact that experimental data may be fitted by a given rate expression is not sufficient evidence that the molecularity of the reaction is that implied by the rate law. The kinetic rate equation of the pseudo-second order chemical sorption process was proposed by Ho (Ho, 2003; Ho et al., 1996) , and is given by:
where k (g·mmol -1 ·min -1 ) is the pseudo-second order constant of sorption, Q Cd (mmol·g -1 ) is the cadmium ion sorbed at equilibrium (i.e., the metal uptake) given by Eq. (2), and q Cd,t is the amount of cadmium ion adsorbed at any time, t (min).
Separating variables in Equation (4) and integrating for the boundary conditions q Cd,t = 0 at t = 0 and q Cd,t at time t, the following equation is obtained:
which can be linearized to the following equation:
The equilibrium sorption capacity, Q Cd , and the pseudo-second order rate constant, k, were experimentally determined from slope and intercept of straight-line plots of t/q Cd,t against t and are shown in Table 1 . All the fits show very good regression coefficients and good compliance between predicted curves and the experimental data points were found ( Figure 1 ).
Equilibrium studies
The cadmium uptake capacity of the biomaterial was tested by means of simple batch sorption experiments performed with the raw material in deionized water (without electrolyte addition). The results (see Figure This value is in agreement with the cadmium sorption capacities reported for other marine macroalgae (Cruz et al., 2004; Davis et al., 2003; Lodeiro et al., 2004) . It must be pointed out that, compared to other adsorbent materials proposed in literature for metal recovery applications, the seaweeds used in the present study show remarkably higher cadmium biosorption ability. For instance, values of 0.07 and 0.13 mmol·g -1 have been reported for activated carbon (Leyva-Ramos et al., 1997) and chitin (Benguella and Benaissa, 2002) , respectively.
The fact that metal biosorption by brown algae is strongly dependent on the solution pH is well documented in bibliography (Schiewer and Volesky, 2000; Wase and Forster, 1997) . This behaviour is also observed in the results of the present study. A representative example, corresponding to F. serratus at two different initial metal concentrations, is shown in Figure 3 (the other two seaweed species led to similar curves). It is seen that the plot of metal bound vs. pH displays an S shape centred at pH 3-4. This curve is characteristic of other seaweeds (Lodeiro et al., 2004) and it has been interpreted as a result of the change in the ionic state of the acid functional groups involved in the metal binding. In fact, the carboxylic groups from alginic acid (which are the most abundant binding sites in seaweeds) present a dissociation constant (in log units) between 3 and 4 (Rey-Castro et al., 2004a). At pH values below 2 the cadmium uptake is very small, but not negligible, which can be a result of the presence of a relatively low amount of very strong acid groups like sulfonic groups from fucoidans (Fourest and Volesky, 1996) . Above pH 5 the increase in the metal sorption is almost negligible, and the uptake reaches a plateau.
The acid-base titrations of protonated biomass samples allow the estimation of the maximum amount of acid functional groups, Q max,H (see Table 3 ). This amount is 3 or 4 times greater than the maximum cadmium uptake capacities obtained with raw biomass. This fact can be explained as a combination of factors. First, since the raw biomass is stabilized with Na, K, Ca and Mg ions present in seawater, cadmium ions must compete with these major ions for the active binding sites, and therefore not all the binding sites are occupied by the heavy metal. Second, it can be expected a certain degree of multidentism in the binding mechanism, i.e., more than one acid group can be involved in the binding to a single metal ion.
Interpretation of proton and metal binding in terms of competitive adsorption isotherms
One of the main goals of biosorption studies is to develop a model for the binding behaviour of the biomaterials towards the metal ions. This model would eventually constitute a useful tool for the prediction of the toxic metal partition between the aqueous phase and the sorbent in flow-through column systems for wastewater treatment.
Ideally, such a model should be able to account for the influence of environmental variables such as pH, ionic strength, presence of competing cations, etc.
The development of such a model is hindered by several effects commonly present in complexation phenomena of macromolecular systems (Buffle, 1988) . First, the major binding sites in brown algae are usually attributed to the carboxylic groups of the alginates and other acid polysaccharides (Davis et al., 2003; Schiewer and Wong, 2000) . However, other less abundant functional groups such as sulphonic groups from fucoidans and, to a lesser extent, N-and S-containing groups from proteins may also be important for metal ion binding. where θ i is the coverage fraction of the species i, i K is the median value of the affinity distribution for species i, p is the width of the distribution (usually interpreted as a generic or intrinsic heterogeneity seen by all ions) and n i is an ion-specific non-ideality term. Strictly speaking, c i should be the local concentration of species i at the binding site, i.e., the bulk concentration (or activity) corrected for the double layer effect (for instance, the concentrations in the Donnan phase). In this work, the bulk concentrations will be used instead and, therefore, the metal binding constants calculated will be conditional parameters (referred to 0.05 M ionic strength).
The following normalization condition is used to calculate the amount of species i bound, Q i :
where Q max,H is the maximum binding capacity for protons (Table 3) , which has been calculated from the equivalence point of the acid-base titrations in absence of heavy metal.
The ratio n i /n H has been interpreted by Kinniburgh et al (Kinniburgh et al., 1999) in terms of stoichiometry and cooperativity. When this ratio is less than one, then the maximum binding of species i is lower than the total amount of sites (defined as the amount of titratable protons), which would be a consequence of some degree of multidentism. On the other hand, a value of n i /n H greater than one would reflect some degree of cooperativity. Finally, if n i /n H =1, it can be demonstrated that the maximum proton/metal exchange ratio is one.
We see that if n i =n H =1, then the NICCA isotherm reduces to the generalized (multicomponent) Langmuir-Freundlich isotherm (GLF):
Note also that if only the proton binding is considered (i.e., absence of competing ions) in Eqs. (8) and (9) , then the LF isotherm is recovered:
where now the heterogeneity parameter m H describes the combined effect of n H and p (m H = n H ·p). In the case of a homogeneous system (no chemical heterogeneity), m H =1
and then the Langmuir isotherm is obtained. For instance, the ideal Langmuir competitive isotherm for the binding of Cd 2+ (assuming a 1:1 stoichiometry) would be:
with Q Cd = θ Cd ·Q max,H .
The procedure followed in this section is as follows. The proton binding data obtained in 0.05 M NaNO 3 (in absence of cadmium) was used to obtain the best fit values of the conditional parameters in Eq. (11) (Q max, H , log H K and m H ). These values are assumed to apply also in the presence of Cd
2+
. The values of the binding parameters for the cadmium ion (log Cd K , n Cd , p) are then obtained from the simultaneous fit of Eqs. (8)- (9) to the metal ion adsorption isotherms at different pH values.
On the basis of the great similarity among the three algae investigated, only one of them, F. serratus, was chosen to exemplify the application of the competitive adsorption model.
The proton binding data obtained in absence of cadmium is shown in Figure 4 . It has already been mentioned that, under these conditions, the NICCA equation is reduced to a LF isotherm, Eq. (11). As can be observed in Figure 4 , the fit of this equation to the experimental data is very good. Similar results have been obtained with the other Fucus species (see Table 3 ). Moreover, the values of the binding constants, the heterogeneity parameters and the specific amount of acid groups are very similar to the values obtained with other seaweed species (Rey-Castro et al., 2003) .
The results of the above analysis of the proton binding data will be taken as fixed in all subsequent calculations using the NICCA model. The separation of n H and p was made using the constraint m H = n H ·p.
The results of the batch metal sorption experiments performed with acid-treated biomass samples of F. serratus at different pH values are shown in Figure 5 . The pH dependence in Cd(II) binding appears quite high at low pH values, with the amount of cadmium bound varying by more than one order of magnitude between pH 3 and 4.5; and very small above pH 4.5, which is in agreement with the data shown in Figure 3 .
Again, this behaviour is explained by the fact that the main acid functionalities in the biomass are the carboxylic groups from alginate, which dissociate between pH 3 and 4.
The data at pH 6 and low Cd 2+ concentration do not appear to fit the model well.
In fact, the isotherm presents an unusual "S" profile, rather than the common Langmuirian shape. The influence of hydrolysis can be discarded, since the cadmium ions start to undergo hydrolysis at much higher values (above pH 8). Instead, the anomalous shape of the isotherm at this relatively high pH can be explained as a result of the partial solubilization of the biomass, which is known to release alginates (specially in absence of divalent cations that stabilize the polysaccharide lattice by cross-linking) at relatively high pH values. The alginate in aqueous phase can still bind cadmium ions, which therefore, would pass the 0.45 µm filter. It is known that the Cd(II) complexes with alginic acid and other acid polysaccharides are labile in the conditions used in the voltammetric technique (Nadal et al., 1991) . Hence, the DPASV measurements of the filtrate solutions will give the total amount of dissolved Cd(II), as was checked by comparison with atomic absorption spectroscopy measurements.
However, the amount of free aqueous Cd 2+ is expected to be somewhat lower, which was demonstrated by Cd ion-selective electrode potentiometry. For instance, Figure 6 shows the results of DPASV and Cd-ISE measurements of the same filtrate solutions at pH 6. It can be observed that the difference between dissolved Cd and free Cd 2+ decreases as the total amount of metal increases, due to the fact that high amounts of the divalent cation tend to stabilize the alginate layer by gelation and cross-linking. This difference is much smaller at pH values below 5, since in these conditions the solubility of alginic acid is very small. It must be pointed out that the interesting magnitude for technological applications is the total amount of dissolved heavy metal in the filtrates.
Odd "S-shaped" isotherms, attributed to partial solubilization of organic matter, have also been described in the study of metal sorption in soils (Drexel et al., 2002 ) (and references therein).
The fit of the NICCA model to the cadmium binding data (discarding the data at pH 6 and lower metal concentrations) is satisfactory (see Figure 5 ). On the other hand, the fit of the NICCA model to the Cd-ISE binding data at pH 6 for the whole set of data is shown in Figure 6 . It can be observed that the fit is slightly better but not entirely acceptable.
As a matter of comparison, the best fit to a simple Langmuir competitive isotherm is also shown in Figure 5 . In the latter case, Eq. (12) serratus, which correspond to the solid lines plotted in Figure 5 , are listed in Table 3 .
Since the value of the ratio n Cd /n H is slightly lower than one (in fact, 0.8), the maximum metal binding is somewhat lower than the total number of acid sites, which would reflect a certain degree of multidentism. However, it must be pointed out that the NICCA isotherm does not require a priori assumptions about the binding stoichiometry (Kinniburgh et al., 1999) .
The values listed in Table 3 were used to predict the proton and metal binding in a continuous acid-base titration of F. serratus in presence of a 2.22 mmol·L -1 initial cadmium concentration, using H + and Cd 2+ ion selective electrodes. The comparison between experimental results and model predictions is shown in Figure 7 . Note the good agreement of the NICCA isotherm with the experimental data, using the model parameters previously estimated from the batch sorption experiments and acid-base titrations in absence of metal.
It must be pointed out that from data obtained at a single ionic strength it is not possible to estimate the relative contribution of specific and electrostatic bindings. In fact, it is expected that the total amount of the cadmium retained by the biomass would comprise two different fractions, one consisting of metal ions specifically bound to the functional sites, and another one consisting of Cd 2+ ions retained by electrostatic attraction to the negative charge developed in the polymeric matrix of the cell walls.
Conclusions
The preliminary results of this work indicate that the brown marine algae Fucus sp. may constitute a promising material for the development of a low cost biosorption technology for the removal of cadmium from water effluents. The fast kinetics of the sorption process together with the high sorption capacities of these seaweeds towards cadmium can be compared favourably with other sorbents.
Furthermore, this work emphasizes the need to develop a physicochemical model for the prediction of the metal partition between the sorbent and the aqueous phase under some given conditions of pH or metal concentration. With this purpose, a thermodynamically consistent empirical isotherm was applied to the study of the competition between protons and cadmium ions. A more rigorous application of the model with the aim of deriving the intrinsic binding parameters (i.e., independent of the bulk ionic strength) would require the knowledge of the geometric parameters that determine the electrostatic description of the system. In the case of the Donnan model (NICCA-Donnan) applied to humic substances, it is often assumed that this parameter (the Donnan volume) is not affected by the metal ion adsorption. Unfortunately, at the high metal ion coverages of the biosorption studies, there is some experimental evidence (Schiewer and Volesky, 1997a ) that this assumption does not hold for seaweed biomass. Consequently, further experimental work regarding metal sorption studies at different ionic strengths would be required in the future.
Moreover, the release of organic matter from the sorbent particles is believed to represent an important role for the performance of the sorption process at relatively high pH values. This effect will require further investigation, for instance, the study of the influence of the environment conditions (pH, ionic strength, amount of divalent cations) and the use of chemical pretreatments (like cross-linking reactions) to prevent the loss of organic matter. Comparison between DPASV (open circles) and Cd-ISE (filled symbols) measurements of cadmium in 0.05M NaNO 3 solutions in equilibrum with 2.5 g·L -1 of acid-treated biomass of F. serratus at pH 6. In each case, the amount of metal bound was calculated from the difference between the initial Cd concentration and the measured value in the filtrates after equilibration, using Eq. (2). Solid line is the fitted NICCA isotherm of the Cd-ISE data.
TABLES
Figure 7
Proton and cadmium binding measured by ISE potentiometry in a continuous titration of acid-treated biomass of F. serratus (2.5 g·L -1 ) suspended in NaNO 3 with a 2.22 mmol·L -1 initial cadmium concentration (total ionic strength of 0.05 M). The symbols represent experimental data (only every third point is shown for clarity) and the solid lines, predictions calculated with the NICCA equation using the parameters listed in Table 3 . The dotted lines correspond to a simple Langmuir competitive isotherm. 
